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Abstract
Two new model systems for the study of orthogonal proton-coupled electron transfer (PCET)
have been developed. The first model system is based on Ru"I(H2 0)(tpy)(bpy) (tpy = 2,2';6',2"-
terpyridine, bpy = 2,2'-bipyridine) where methyl viologen (MV2 ) electron acceptors were
appended to the ruthenium aqua complex through the bpy. Picosecond transient absorption
measurements show that electron transfer from the excited state of the ruthenium complex to
MV 2+ occurs with -= -200 ps. Experiments performed in water and buffered solution at pH = 7
show no evidence of the loss of proton from the aqua ligand to the bulk solvent or to the
phosphate buffer. A minor kinetic isotope effect for the rate of charge separation was found with
kH/kD = 1.8 ± 0.1 ps. Preliminary synthetic attempts of coupling the ET event to the PT event
was accomplished by appending xanthene "Hangman" scaffolds to the 4' position of the tpy.
The feasibility of modifying the xanthene scaffold to accommodate various hanging groups has
been demonstrated. The second model system is based on Re'(CO)3(phen)(pyr) (phen = 1,10-
phenanthroline, pyr = pyridine) where tyrosine was appended to the rhenium complex through
the axial pyr ligand. Unlike previous Re'(CO) 3(bpy)(CN) (CN = cyanide) systems, substitution
to the more rigid phen extended the lifetime of the excited state of the rhenium complex to 3.0
ls, which allowed PCET to occur from the tyrosine to the rhenium metal center and hydrogen-
bonded base in dichloromethane. This was inferred from substantial emission quenching of the
rhenium-tyrosine complex through the titration of base (base = pyridine, imidazole, 2,4,6-
trimethylpyridine). Equilibrium constants measuring the extent of formation of the [rhenium-
tyrosine---base]+ species were found to correlate with the strength of the base based on aqueous
pKa values.
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Chapter 1. Background and Introduction
Enzymes often rely on the coupling of protons and electrons to affect charge transport
and catalysis in important biological processes.' These include amino radical generation in Class
I E. coli ribonucleotide reductase (RNR) and the oxidation of water in Photosystem (PS) II. The
transfer of both protons (PT) and electrons (ET) allows for the buildup of multiple redox
equivalents, and allows reactions to avoid high energy intermediates.2 The study of proton-
coupled electron transfer (PCET) is thus critical to the development of artificial photosynthesis
and catalysts for small-molecule activation.
The dynamics of single ET processes are best described by Marcus theory, which realizes
the need for fluctuations in the nuclear coordinates prior to ET. The semi-classical Marcus-
Levich-Hush treatment 3'4 for calculating the kinetic rate constant (kET) for non-adiabatic ET is
given by the following equation:
kET ABexp ( AG
ET AkT 4AkBT
where AGo is thermodynamic driving force for the redox reaction, ) is the reorganization energy,
and HAB is the donor-acceptor electronic coupling. Marcus theory has withstood decades of
testing. Strong support has been given by the experimental confirmation of its predicted inverted
region where In(kET) decreases with increasing driving force for -AGO > k.5
a) PT
AH + B A-+ HB
PT
AH+B+C - - A+HB +C
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ET ET ET ET
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Scheme 1.1. Square scheme for a) co-linear and b) orthogonal PCET.
PCET is however different than single electron transfer because of the two-particle nature
of the reaction. The proton can move on the timescale of electron transfer. This prevents the
application of the Born-Oppenheimer approximation where nuclear motion is frozen in the
timescale of ET as assumed in Marcus theory. Calculating PCET kinetics is made more difficult
since the three Marcus parameters AGo, k (reorganization energy), and Vel (electronic coupling)
depend parametrically on the position of the proton. A geometric aspect also arises due to the
two-particle nature of PCET. The proton and electron can move in either concerted (termed
CEP) or stepwise pathways in co-linear (where the electron and proton transfer to the same site)
or orthogonal (where the electron and proton transfer to different sites) directions (Scheme 1.1).
It is important to note that in CEP, the ET and PT events do not need to be completely
synchronous. Instead, there must be no detectable intermediates (i.e., there must be only one
transition state).
Cukier developed a theory for PCET that formalizes potential energy surfaces as a pair of
paraboloids with the solvent response as a function of both electron and proton positions.6
Hammes-Schiffer derived the following equation in the limit of electronically adiabatic PT and
electronically nonadiabatic ET:
2kE = [ (hA  + AG > 2
kP = 2rp V2- (4r,,,kT)-1/2 exp -
S4AkT
where E, and Y indicate the sum over the reactant (!t) and product (v) vibrational PCET states,
P, is the Boltzmann factor for state g, and Vv, v AG',v is the electronic coupling,
reorganization energy, and thermodynamic driving force between vibrational states pt and v,
respectively.7
Given the complexity of biological systems, the fundamental aspects of PCET are best
studied with model systems. There are numerous examples that are found in the literature.
These include CEP of phenols to triplet C60 and base, 8'9 tyrosine-bound metal polypyridyl
systems,10-13 and donor-acceptor (D-A) pairs mediated by an amidinium-carboxylate
interface.6'14 16 It is the purpose of this thesis to lay the groundwork for the development of two
new model systems for PCET. Chapter 2 will detail the starting point and strategies for the
construction of a metal aqua molecular system that can undergo orthogonal PCET in a controlled
fashion. It will be based on [Ru(H 20)(tpy)(bpy)] 2+ (tpy = 2,2',2"-terpyridine, bpy = 2,2'-
bipyridine) developed by Meyer and co-workers. 17 Chapter 3 will expand upon the rhenium-
tyrosine work of Reece and Nocera1o as a suitable PCET model system in the presence of base in
organic solvents.
Chapter 2. Towards Photoinduced Proton-Coupled Electron Transfer in Ruthenium Aqua
Complexes
2.1. Introduction
The conversion of water into 02 and H2 is a multielectron and multiproton process:
2 H2 0 - 02 + 4 H+ + 4 e- (E' = -1.229 V vs. NHE' 8 )
4 H+ + 4 e- 2 H2 (E = 0 V NHE)
Many challenges need to be overcome in order for water to be used as a renewable resource. If
the process is to be driven cleanly through molecular systems, then efficient, low-cost, and long-
lived (photo)catalysts need to be designed that promote both the oxidative and reductive parts of
the catalytic cycle. While there has been success in the construction of catalysts for H2
generation, 19 molecular systems capable of promoting water oxidation to generate 02 have been
sparse. That is because water oxidation is a thermodynamically uphill process that involves the
management of both protons and electrons. The optimal design of such molecular systems thus
requires the understanding of PCET.
OH 2  OH 0 OH-
I e-F I Ie-/H'
Mn  Mn+l A-V Mn+3
Scheme 2.1. Metal-centered PCET of water activation leading to an electrophilic metal-oxo.
Nature has solved the problem of photocatalytic water oxidation in PS II where PCET
processes are employed for charge transport in concert with bond-making and bond-breaking
reactions. Absorption of a photon leads to a strongly oxidizing chlorophyll P680-+, which in turn
oxidizes the [Mn4Ca] cluster in the oxygen-evolving center (OEC). Three more iterations lead to
the generation of 02 and four protons. The removal of electrons and protons for the storage of
four oxidation equivalents in the OEC culminates in the formation of a manganese(V) oxo,
which is then proposed to undergo a nucleophilic attack by a metal-bound water molecule to
produce an 0-0 bond.20 A simplified scheme illustrating metal-centered PCET crucial to water
oxidation is shown in Scheme 2.1, where the loss of electrons from the metal center is coupled to
the loss of protons.
Investigating PCET mechanisms in PS II will lead to new and improved catalysts capable
of water oxidation. However, due to the large size and complexity of the enzyme, fundamental
aspects of PCET for water activation are more easily studied from model systems. These model
systems should mimic the most important aspects of water activation in PS II; namely, the
coupled loss of electrons and protons that lead to the manganese oxo. These steps are crucial
because they use a bound water molecule to form an electrophilic metal oxo, which can be used
for subsequent heterolytic O-0 bond formation.
H H
M A
Figure 2.1. Metal-centered donor-acceptor dyad for orthogonal PCET (A = electron acceptor, B
= base).
The goal of this research is to construct a metal aqua model system with a high degree of
modularity that can allow for controlled studies of how water is activated by PCET. The model
system should consist of distinct electron and proton acceptors for orthogonal PCET that can
allow for the independent tuning of 1) ET and PT coordinates and 2) redox and acid/base
chemistry. PCET dynamics will be initiated by the excitation of a photoactive metal aqua center,
and the mechanism of electron and proton separation will be studied by laser techniques (vide
infra). A simplified architecture for such a system is shown in Figure 2.1, where ET to an
acceptor is coupled to PT to a hydrogen-bonded base.
There is no example of a metal aqua model system that demonstrates orthogonal PCET in
the literature in which the electron and proton go to distinct, well-defined acceptors. The starting
point of the construction of such a model system is the choice of the metal aqua complex that is
capable of PCET. Fortunately, there are a host of such compounds that have demonstrated
reversible PCET on electrode surfaces. The most prominent and well-characterized example is
[Ru(H 20)(tpy)(bpy)](CIO04)2 (tpy = 2,2',2"-terpyridine, bpy = 2,2'-bipyridine) developed by
Meyer and co-workers. 17 PCET reactivity in the ground state is established by the presence of
two couples Ru(IV/III) and Ru(III/II) with pH dependent E1/ 2 values.
-OH 2  (PF 6)2
, I
Compared to the photophysical and redox studies of Ru"(bpy) 3 and Ru"(tpy) 2-type
complexes, there have been fewer studies on the heteroleptic family of ruthenium complexes of
the form Ru"(tpy)(bpy)L (L = monodentate axial ligand). The mixed system lacks the long
excited-state lifetimes of Ru"(bpy) 3 family of complexes and lacks the symmetry of Ru'(tpy)2 to
allow for the construction of multi-component (supramolecular) systems capable of useful light-
induced functions. The tpy ligand geometry results in the presence of low-lying triplet metal-
centered (3MC) states that can lead to fast nonradiative decay to the ground state. For 1, this is
enhanced by the presence of the aqua ligand, which increases the vibrational degrees of freedom
of the complex.
Donor-acceptor dyads based on Ru"(bpy) 3 and RuI(tpy)2 attached to 1,1'-dimethyl-4,4'-
bipyridinium (MV 2+ ) have been studied previously. 21-24 MV2+ serves as an ideal electron
acceptor for the excited state of 1 because of 1) the higher MV 2+ triplet energy of 3.1 eV
compared to the 2.6 eV 1MLCT energy of 1 and 2) the clear absorption features of the MV-+
radical (c603 nm = 12000 M-lcm-1).25 Section 2.2 will deal with the construction and picosecond
transient absorption (TA) studies of a ruthenium aqua-MV2+ model system. With ET
established, Section 2.3 will detail preliminary attempts at inducing a PCET reaction by coupling
PT to the ET event by derivatizing the tpy with a xanthene Hangman scaffold.
2.2.Picosecond TA Studies of the Ruthenium Aqua D-A System
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Figure 2.2. 77 K emission spectra of 1 in 2:1 ethylene glycol:water matrix (x = 300 nm).
The hexafluorophosphate salt derivative 1 of Meyer's complex was first synthesized by
combining [Ru(tpy)(bpy)Cl]C1' 7 with 2.1 equivalents of AgPF6 in a 70:30 acetone:water
mixture. The mixture was refluxed for 2 hrs to produce the aqua complex. The AG' for photo-
induced charge separation can be calculated by the Rehm-Weller equation:
AG' = (E1/ 2(D+/D) - El/2(A/A-)) - Eo-o + Wp - wr
where E1/2(D+/D) is the oxidation potential of the donor, E1/2(A/A- is the reduction potential of
the acceptor, Eo-0 is the energy of the photoactive state of the donor or acceptor, and the last two
terms account for the Coulombic interaction between the donor and acceptor in the product (w,)
and the reactant (wr). Estimation of Eo-0 from the room temperature steady-state emission
spectra of 1 failed due to its weak emission. As a result, Eo-o0 = 1.89 eV from the first 3MLCT
vibronic peak of the steady-state 77 K emission spectra of 1 (Figure 2.2). An approximate AG'
for forward ET =-0.4 eV (E1/ 2(Ru"'(H 20)/Ru"(H20)) = 1.03617, E1/ 2(MV2+/MV-+) = -0.44625) in
pure water.
OH2  (PF 6
)2
-N N
2
Though AG' favors photoinduced ET between 1 and MV 2+ , the short excited-state
lifetime of 1 of only -200 ps was cause for concern since it might not enable ET to take place.
Accordingly, the synthesis of [Ru(4'-(4-methylphenyl)-tpy)(bpy)(H 20)](PF6)2 2 was undertaken
by an analogous procedure. 26 The synthesis of this compound was motivated by Ru"(tpy-X)(tpy-
Y) complexes (where X, Y are electron-accepting/donating substituents),27 which show increased
excited-state lifetimes due to separation of the 3MC and 3MLCT states owing to the stabilization
of the tpy localized n* LUMO.
- (PF 6 )4
Br Br N
NPF6  a
N N-- + X
N N
3 4 N N-
5
Scheme 2.2. (a) 2.1 equiv 3, DMF, 78 'C 5 hrs, excess NH4PF6.
The first step of designing a metal aqua model system for photoinduced orthogonal PCET
began with the attachment of MV 2+ to 1. The design involved the coupling of the electron
acceptor to the bpy in order allow for maximal time for PT in the forward direction. This was
based on previous spectroscopic and electrochemical studies that suggest the lowest excited state
is a Ru -- tpy MLCT state. MV 2+ was attached to both methyl positions of the bpy in order to
remove isomeric complications if singly appended and coupled to the Ru(tpy) center. The two
MV2+ were attached to the bpy through a nucleophilic substitution reaction where 1-methyl-4,4'-
bipyridinium hexafluorophosphate 322,23 and 4,4-bis(bromomethyl)-2,2'bipyridine 428 were
combined to produce 5 29 (Scheme 2.2).
7 (PF6)4
NNi,
N
LI
- (PF6 )5
1 (PF 6 )6
b
Scheme 2.3. (a) 1.6 equiv Ru(tpy)C13, 3.4 equiv NEt 3, 42 eq. LiC, 75:25 EtOH:water, 6 hr
reflux, excess NH4PF 6, (b) 1000 equiv AgPF 6, 75:25 acetone:water (v/v), overnight reflux.
Complex H 20 pH = 7 Buffer D20
1 T=212+7 T=217+ I r=205 6
2 = 6148 = 620+20 r= 585+ 6
7 Tcs = 8.6 ± 0.5 zcs = 11.5 ± 0.1 cs = 15. 8  0.1
CR = 3 5  1 R = 37 2 CR = 42 1
Table 2.1. Summary of TA data. All lifetimes are in ps.
Scheme 2.3 shows the coupling of 5 to the ruthenium center, which was achieved by
refluxing it with triethylamine, LiCI, and Ru(tpy)C1330 in 75:25 ethanol:water mixture for 6 hrs to
produce [Ru(tpy)(5)Cl](PF 6)4CI. The chloro complex was precipitated from solution, dissolved
in a 75:25 acetone:water (v/v) mixture, and combined with a large excess of NH4PF 6 to form
[Ru(tpy)(5)Cl](PF 6)5 6. The final aqua product [Ru(tpy)(5)(H 20)](PF6)6 7 was synthesized by
refluxing 6 in a 75:25 acetone:water mixture in the presence of a large excess of AgPF 6
overnight. The excited state dynamics of 1, 2, and 7 were investigated by picosecond TA
spectroscopy at room temperature in pure water, D20, and at pH = 7 phosphate buffer. The
photophysical data is summarized in Table 2.1.
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Figure 2.3. TA spectra of 1 reference compound in pure water following excitation with 500
nm, 120 fs laser pulses at (--) 1.4, (--) 17.8, (--) 64.8, (-) 121.8, (- -) 236.8 and (--) 526.9
ps. Inset: TA kinetics monitored at (.*) 496 nm and at (.) 778 nm.
As shown in Figure 2.3, upon excitation into the 1MLCT band, 1 showed an
instantaneous bleaching centered at 475 nm and a broad positive absorption past the isosbestic
point at 550 nm. The excited state decayed with lifetimes of 212 ± 7 and 217 ± 1 ps in pure
water and buffer, respectively. The pKa of the aqua ligand in 1 changes to 1.7 from 9.7 upon
oxidation of the metal center.17 Thus, in the excited state the aqua ligand is expected to be a
better acid (with intermediate pKa) than in the ground state due to the formation of Ru(III) and
.. ..... .... ... ....... ... ..... .. .... .... .... .... .
the reduction of the tpy ligand. However, because the driving force for proton transer is -59 mV
* ApKa, no proton transfer is expected to take place to water (pKa(H 30 +) = -1.74). The excited
state is thus expected to immediately decay back to the ground state.
0.4
0.2
S0 .0
-0.2
400 500 600 700 800
nm
Figure 2.4. Difference spectra between the ground state Ru"(H 20)(tpy)(bpy) and
Ru"(OH-)(tpy)(bpy) forms.
The calculated observed rate constant for back proton transfer is -103 s- 1 at pH = 7 buffer
solution if the proton is released into the bulk (where the approximate diffusion-controlled rate
constant is -1010 M-'s-). This is far too low compared to the observed monoexponential excited
state decay rate constant of -10 9 s-1 to the baseline. The contrast between the difference
spectrum in Figure 2.4 and the TA spectra of 1 for all times, in combination with the lack of
significant kinetic isotope effects, rules out any pathways that involve proton release into the
bulk. An identical TA profile yielding a similar observed monoexponential excited state decay
lifetime in pure water suggests no proton transfer to HPO42- despite a favorable driving force
(pKa(H 2PO4-) = 7.218).
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Figure 2.5. TA spectra of 7 in pure water following excitation with 500 nm, 120 fs laser
pulses at (--) 1.6, (--) 3.6, (--) 11.5, (-) 24.1, (--) 41.0 and (--) 112.1 ps. Inset: TA
kinetics monitored at (o**) 496 nm and at ( .... ) 778 nm.
The lifetimes of the excited state of 2 were found to be significantly longer: 614 + 8 and
620 ± 20 ps in pure water and buffer, respectively, as expected (vide supra). The TA spectra of 7
lacked isosbestic points but instead showed an instantaneous bleaching centered at 500 nm, and a
rise and fall of an absorption band centered at 600 nm (Figure 2.5). The positive absorption
centered at 600 nm can be attributed to the formation of MV "  radical by oxidative quenching of
the 3MLCT state, in agreement with similar dyads.2223 Charge separation (CS) took place
relatively rapidly compared to excited decay (with lifetimes of 8.6 + 0.5 and 11.5 + 0.1 ps in pure
water and buffer, respectively), while charge recombination (CR) took place in the Marcus
inverted region (with lifetimes of 35 + 1 and 37 + 2 ps in pure water and buffer, respectively).
Treatment of TCR, the monoexponential return to baseline, with diffusional kinetics, as
done above, rules out any mechanism that involves proton release into the bulk. An identical TA
profile yielding similar Tcs and TCR in buffer solution suggest no proton transfer to HP0 42-
.. ...... 
.......
Nevertheless, a minor kinetic isotope effect during CS was found ((kH/kD)cs = 1.8 ± 0.1 ps).
This is attributed to contributions of proton vibrations of the aqua ligand within a hydrogen-
bonded water network that does not escape to the bulk.
2.3. Synthesis of Ruthenium Aqua Hangman D-A Systems
The TA spectra of 7 unambiguously establish ET and the lack of any PT to the bulk or
base in a bimolecular fashion. It was surmised that a PCET reaction can be induced with the
construction of an internal base that is preorganized for PT. This can be achieved by appending
a Hangman scaffold to the 4' position of the tpy modified with the appropriate base. The pKa of
the aqua ligand in 1 changes from 9.7 to 1.7 upon oxidation of the metal center to Ru(III). 17
Thus a number of bases can serve as a hanging group. These include carboxylate (pKa = 4.5),
amidine (pKa = 12.1), and pyridine (pKa = 5.2).18 From previous work in the Nocera lab,
asymmetric xanthene scaffolds coupled to iron porphyrins31-33 or manganese salen
compounds 34' 35 for targeted proton delivery have been found to be competent catalysts for H202
dismutation. Specifically, the hydrogen-bonded pendants of xanthene scaffolds allow PCET to
assist in the catalytic activation of the 0-0 bond. Likewise, upon photooxidation of the metal
center, xanthene or other types of scaffolds with internal hydrogen-bonded base pendants should
be able to assist in the deprotonation of the aqua ligand.
aN
- O -
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0
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9
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Scheme 2.4. (a) 3.0 equiv KOAc, 1.1 equiv bis(neopentyl glycolato)diboron, 0.040 equiv
Pd(dppf)C12'CH 2C12, dry DMSO, overnight reflux, (b) 1.0 equiv 4-hydroxycarbonyl-5-bromo-
2,7-di-tert-butyl-9,9-dimethylxanthene, 6.6 equiv Na2CO 3, 0.26 equiv Pd(PPh 3)4, 20:1
DMF:water (v/v), overnight reflux under N2 to produce 10 (crude), methanol with 10% H2 SO4
(v/v), 48 hr reflux to produce 9, further reaction with excess KOH, 75 'C overnight, pH = 5 to
produce 10 (pure).
a
O0
X= OCH3
Scheme 2.5. (a) 1.1 eq RuCl3 hydrate, ethanol, 2 hr reflux.
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The construction of the Hangman complexes was accomplished through the
derivatization of the tpy ligand as shown in Scheme 2.4. A palladium catalyzed Miyaura cross-
coupling reaction of 4'-bromo-tpy3 6 with bis(neopentyl glycolato)diboron afforded 8. The
boronic ester was combined with 4-hydroxycarbonyl-5-bromo-2,7-di-tert-butyl-9,9-
dimethylxanthene 37 in the presence of Pd(PPh3)4 in 20:1 DMF:water (v/v) and heated to reflux
overnight under N2 to produce 10. The methyl ester derivative 9 was synthesized through an
acid-catalyzed reaction of the crude 10 in the presence of H2 SO4 in methanol that was refluxed
for 48 hrs. It is important to note that isolation of 10 was achieved through saponification of 9
(purified over silica gel) at 75 'C in excess KOH in methanol. Ru(9-11)CI3 was synthesized by
refluxing 9-11 with slight excess of RuCl 3 hydrate in ethanol (Scheme 2.5). Hangman
derivatives 12-14 and 15-18 were synthesized in an analogous manner as the synthesis of 1 and
7, respectively, from the appropriate Ru(III) trichloride starting material.
The Hangman complexes 17 and 18 were made in order to also show the feasibility of
independently tuning the ET distance between the electron donor and acceptor "inside" and
"outside" the window of PT. This is important because the PCET mechanism (either concerted
or stepwise) can be influenced by the electron donor-acceptor distance.38 The ET distance was
modified through the insertion of a phenyl spacer between the ruthenium metal center and MV 2+ .
A similar strategy has been applied to several analogous electron donor-acceptor molecules 39 42
resulting in increases in Tcs and TCR of up to fifteen times with a single phenyl spacer.
Base
(n (PF6)6
H'H H
N I Spacer= 0
N---Ru-N'
N 
-N
+\ HTN HTX HTD
N H
+\ N O
Base =
N N NH2
Figure 2.6. Proposed future work on the synthesis of ruthenium aqua Hangman D-A systems
with variable PT distances and base pKas.
Multistate continuum theory predicts that the proton donor-acceptor distance strongly
influences the rate and mechanism of PCET38 that can be especially observed through isotope
effects. Exceptionally large isotope effects have been observed for PCET reactions.43 -46 These
large isotope effects have been ascribed to the disparate distance dependences of tunneling for
the proton vs the deuteron. 47 To date, the effect of distance on the isotope effect has not been
examined in a controlled fashion. Because we can set the PT distance with the Hangman
scaffold, the Hangman systems will allow the examination of distance dependence of the PCET
isotope effect. The hydrogen-bonded PT distance can be controlled through either the use of
different Hangman architectures 31 involving HTX (hanging tpy xanthene), HTN (hanging tpy
naphthalene), and HTD (hanging tpy dibenzofuran) scaffolds or by changing the strength of the
proton acceptor. The mechanism of PCET for these systems can be interrogated through the
measurement of kinetic isotope effects. The PT distance in the Hangman systems will be defined
by the height of the scaffold. The scaffold will be varied from HTN to HTX to HTD as shown in
Figure 2.6. Previous work shows that the N(base)---H---O(water) distance varies from d(N-O) =
for 2.7 - 3.1 A for HTN, to d(N-O) = 3.4 A for HTX, and to d(N-O) = >5 A for HTD.31 Thus
the HTN gives the shortest distance, and for this compound we expect the smallest isotope effect.
In the case of the HTD, the distance may be too large for the proton to tunnel and PCET will be
obviated. These metrics are approximated from porphyrin based systems. For these studies, it is
hoped that crystallization of all the Hangman complexes will allow the internal d(N-O)
hydrogen bond distance to be precisely defined.
2.4. Experimental
2.4.1. Physical Measurements
Femtosecond TA measurements were made with a Ti:sapphire laser system described
elsewhere.48  Analysis of the kinetic data was performed at multiple wavelengths using a
Levenberg-Marquardt nonlinear least-squares fit to a general sum-of-exponentials function.
Steady-state emission spectra were recorded on an automated Photon Technology International
(PTI) QM 4 fluorimeter equipped with a 150 W Xe arc lamp and a Hamamatsu R928
photomultiplier tube. Buffer solutions were maintained at pH 7 with 100 mM
Na2HPO4/NaH 2PO4. 1H NMR spectra were recorded at the MIT Department of Chemistry
Instrumentation Facility (DCIF) on a Varian Inova 500 spectrometer recorded at 25 'C.
Elemental analysis was performed by Midwest Microlab, LLC.
2.4.2. Synthesis
Silica gel 60 (70-230 and 230-400 mesh, Merck) and aluminum oxide type (Type WN-3:
Neutral, Aldrich) were used for column chromatography. Analytical thin-layer chromatography
was performed on JT Baker IB-F silica gel (precoated sheets, 0.2 mm thick) or JT Baker IB-F
aluminum oxide (precoated sheets, 0.2 mm thick). Solvents for synthesis were reagent grade or
better. Ru(tpy)Cl3, 30 [Ru(tpy)(bpy)Cl]C1,1 7 [Ru(4'-(4-methylphenyl)-tpy)(bpy)(H 20)](PF6)226 2,
1-methyl-4,4'-bipyridinium hexafluorophosphate 3,22,23 4,4-bis(bromomethyl)-2,2'bipyridine 4,28
5,29 4'-bromo-tpy,36 and 4-hydroxycarbonyl-5-bromo-2,7-di-tert-butyl-9,9-dimethylxanthene
37
were synthesized as described previously. Compounds 11 and [Ru(11)(4,4'-dimethyl-bpy)Cl]Cl
were synthesized by Alex Radosevich. Compounds 19 and 4,4'-ditolyl-bpy were synthesized by
Rick Kelley. All other reagents were obtained from Aldrich. The synthesis of the Hangman
derivatives 12-14, 20 proceeded in an analogous manner as the synthesis of 1, starting from the
appropriate Ru(III) trichloride starting material. The synthesis of the ruthenium aqua Hangman
D-A systems 16-18 proceeded in an analogous manner as the synthesis of 15, again starting from
the appropriate Ru(III) trichloride starting material.
2.4.2.1. [Ru(tpy)(bpy)(H 20)](PF6)2 (1)
[Ru(tpy)(bpy)Cl]Cl (0.5240 g, 0.93 mmol, 1.0 equiv) and AgPF 6 (2.0110 g, 7.95 mmol,
8.9 equiv) were combined in a 250 mL round-bottom flask with 40 mL 75:25 acetone:water
(v/v). The mixture was heated to 120 'C overnight, cooled, and filtered over Celite, and the
acetone was removed by rotary evaporation. The precipitated product was collected over a frit,
washed with cold water and ether, and dried under vacuum (0.642 g, 86%). 'H NMR (7:2
D20:d-acetone (v/v)): 6 = 9.39 (d, 1H), 8.52 (d, 1H), 8.43 (d, 2H), 8.29 (d, 2H), 8.16 (m, 2H),
8.04 (m, 1H), 7.86 (m, 1H), 7.79 (m, 2H), 7.64 (d, 2H), 7.50 (m, 1H), 7.17 (m, 3H), 6.77 (m,
1H). Anal. Calcd. for C25H21F12N50OP 2Ru: C, 37.61; H, 2.65; N, 8.77. Found: C, 37.40; H,
2.65; N, 8.66.
2.4.2.2. [Ru(tpy)(5)CIl(PF 6 )s (6)
In a 250 mL round-bottom flask, 5 (0.1630 g, 0.15 mmol, 1.0 equiv), Ru(tpy)C13 (0.1040
g, 0.24 mmol, 1.6 equiv), LiCI (0.2660 g, 6.30 mmol, 42 equiv), and NEt 3 (71.0 RL, 0.50 mmol,
3.4 equiv) were combined with 50 mL 75:25 ethanol:water (v/v). The mixture was heated to 120
'C for 6 hrs. Approximately 10 mL of saturated solution of NH4PF6 in water was added to the
cooled mixture and stirred for 2 hrs. The solvent volume was reduced to 5 mL by rotary
evaporation, and the mixture stored at 0 'C overnight. The crude product was collected over a
frit, washed with cold water and ether, and purified by recrystallization in boiling methanol
(0.2164 g, 89%). 'H NMR (d-acetone): 6 = 10.39 (d, 1H), 9.66 (d, 2H), 9.43 (d, 2H), 9.34 (m,
4H), 8.97 (s, 1H), 8.91 (d, 2H), 8.85 (d, 2H), 8.73 (m, 6H), 8.63 (m, 3H), 8.23 (m, 2H), 8.01 (m,
2H), 7.77 (d, 1H), 7.73 (m, 2H), 7.39 (m, 2H), 7.29 (m, 1H), 6.53 (s, 2H), 6.16 (s, 2H), 4.78 (s,
3H), 4.73 (s, 3H). Anal. Calcd. for C52H51CIF 30N9P5Ru: C, 37.55; H, 3.09; N, 7.58. Found: C,
37.41; H, 3.03; N, 7.32.
2.4.2.3. [Ru(tpy)(5)(H 20)](PF6 )6 (7)
In a 250 mL round-bottom flask, 6 (0.1071 g, 0.066 mmol, 1.0 equiv) and AgPF6 (3.0382
g, 12.02 mmol, 190 equiv) were combined with 40 mL 75:25 acetone:water (v/v). The mixture
was heated to 120 'C overnight, cooled, and filtered over Celite, and the acetone was removed
by rotary evaporation. The precipitated product was collected over a frit, washed with cold
water and ether, and dried under vacuum (0.0971 g, 84%). 'H NMR (7:1 D20:d-acetone): 6 =
9.50 (d, 1H), 9.26 (d, 2H), 8.92 (d, 2H), 8.86 (m, 4H), 8.67 (s, 1H), 8.53 (d, 2H), 8.44 (d, 2H),
8.39 (d, 2H), 8.34 (s, 1H), 8.30 (m, 4H), 8.25 (d, 2H), 8.09 (m, 1H), 8.00 (d, 1H), 7.81 (m, 2H),
7.52 (d, 2H), 7.36 (d, 1H), 7.14 (m, 2H), 6.89 (d, 1H), 6.19 (s, 2H), 5.75 (s, 2H), 4.35 (s, 3H),
4.31 (s, 3H). Anal. Calcd. for C 52H 53F36N 9OP6Ru: C, 34.87; H, 2.98; N, 7.04. Found: C, 33.64;
H, 2.71; N, 6.98.
2.4.2.4. 4-(Neopentyl glycolatoboron)-tpy (8)
In a 50 mL round-bottom flask, 4'-bromo-tpy (0.3657 g, 1.17 mmol, 1.0 equiv), KOAc
(0.3492 g, 3.56 mmol, 3.0 equiv), bis(neopentyl glycolato)diboron (0.3148 g, 1.24 mmol, 1.1
equiv), and Pd(dppf)Cl 2 'CH 2Cl 2 (0.0376 g, 0.047 mmol, 0.040 equiv) were combined with 10
mL of dry DMSO. The mixture was refluxed overnight, after which 100 mL toluene was added.
The organic layer was washed with water (4 x 100 mL). Removal of the solvent by rotary
evaporation and trituration with ether yielded a white-brown solid (0.2601 g, 0.72 mmol, 62%).
'H NMR (CDC13): 6 = 8.81 (s, 2H), 8.73 (d, 2H), 8.61 (d, 2H), 7.86 (m, 2H), 7.33 (m, 2H), 1.38
(s, 12H).
2.4.2.5. 4-(4-methoxycarbonyl-2,7-di-tert-butyl-9,9-dimethylxanthene)-tpy (9)
In a 50 mL round-bottom flask, 4-hydroxycarbonyl-5-bromo-2,7-di-tert-butyl-9,9-
dimethylxanthene (0.0993 g, 0.22 mmol, 1.0 equiv), 8 (0.1099 g, 0.31 mmol, 1.4 equiv), and
Na 2CO3 (0.1538 g, 1.45 mmol, 6.6 equiv) were combined with 21 mL 20:1 DMF:water (v/v).
The mixture was degassed for 30 minutes, after which Pd(PPh3)4 (0.0182 g, 0.06 mmol, 0.26
equiv) was added and refluxed overnight under N2. The mixture was then cooled, to which 60
mL 1:1 dichloromethane:6 N HCI was added and stirred for 30 minutes. The organic layer was
washed with water (5 x 30 mL), and the solvent removed by rotary evaporation. The remaining
solid was dissolved in 150 mL methanol with 10% H2 SO4 and heated to reflux for 48 hrs, after
which 100 mL water was added. The mixture was neutralized with Na2CO 3, and the aqueous
layer extracted with chloroform (5 x 150 mL). The combined organic layers were dried with
MgSO 4. Removal of the solvent by rotary evaporation yielded a brown oil that was purified over
silica gel using 90:10 dichloromethane:methanol (v/v) (0.0611 g, 45%). 'H NMR (CDCl 3): 6 =
8.70 (m, 4H), 8.63 (s, 2H), 7.89 (m, 2H), 7.59 (m, 2H), 7.48 (d, 1H), 7.34 (m, 3H), 3.03 (s, 3H),
1.71 (s, 6H), 1.38 (s, 9H), 1.32 (s, 9H). MALDI-TOF calcd. (found): [M+H]+ 612.32 (612.3).
2.4.2.6. 4-(4-hydroxycarbonyl-2,7-di-tert-butyl-9,9-dimethylxanthene)-tpy (10)
In a 50 mL round-bottom flask, 9 (0.0205 g, 0.034 mmol, 1.0 equiv) and KOH (0.1020 g,
1.84 mmol, 54 equiv) were combined with 10 mL methanol. The mixture was heated to 75 'C
overnight, after which 10 mL water was added. The mixture was acidified with 3 N HCI to pH =
5, and the precipitated product collected over a frit and washed with water (0.0192 g, 94%). 'H
NMR (CDCI3): 6 = 9.03 (m, 3H), 8.88 (s, 3H), 7.76 (m, 1H), 7.68 (d, 1H), 7.56 (d, 2H), 7.52 (m,
2H), 7.46 (d, 2H), 1.74 (s, 6H), 1.34 (s, 9H), 1.32 (s, 9H). MALDI-TOF calcd. (found): [M +
H] + 598.31 (598.30).
2.4.2.7. Ru(9-11)CI3
In a 150 mL round-bottom flask, RuC13 hydrate (1.0 equiv) and either 9, 10, or 11 (1.0
equiv) were combined with 50 mL ethanol. The mixture was refluxed for 2 hrs, after which the
precipitated product was collected over a frit, washed with ethanol and ether. Yields ranged
from 70-95%. Due to the insoluble and paramagnetic nature of the compound, 1H NMR could
not be taken. The success of the reaction was verified by MALDI-TOF mass spectrometry with
the parent peak = [M - Cl]+ for all compounds.
2.4.2.8. [Ru(9)(4,4'-dimethyl-bpy)Cl](PF 6)
Ru(9)CI 3 (0.0180 g, 0.022 mmol, 1.0 equiv), 4,4'-dimethyl-bpy (0.0132 g, 0.072 mmol,
3.3 equiv), LiCl (0.0484 g, 1.14 mmol, 52 equiv), and NEt 3 (10 RLL, 0.072 mmol, 3.3 equiv) were
combined with 40 mL 75:25 ethanol:water (v/v) and refluxed for 4 hrs. A large excess of
NH4PF 6 was added to the cooled mixture and stirred for 2 hrs. The desired purple product was
purified by over alumina using 90:10 dichloromethane:methanol (v/v) (0.0214 g, 90%). 'H
NMR (d-acetone): 8 = 10.18 (d, 1H), 8.95 (s, 2H), 8.77 (s, 1H), 8.73 (d, 2H), 8.49 (s, IH), 8.00
(m, 2H), 7.94 (d, 1H), 7.91 (d, IH), 7.86 (m, 4H), 7.66 (d, 1H), 7.53 (d, 1H), 7.43 (m, 2H), 7.03
(d, 1H), 3.13 (s, 3H), 2.83 (s, 3H), 2.39 (s, 3H), 1.85 (s, 6H), 1.49 (s, 9H), 1.39 (s, 9H).
2.4.2.9. [Ru(9)(4,4'-dimethyl-bpy)(H 20)](PF6)2 (12)
[Ru(9)(4,4'-dimethyl-bpy)CIl](PF 6) (0.024 g, 0.022 mmol, 1.0 equiv) and AgPF6 (-0.5 g,
-1.98, -89 equiv) were combined with 40 mL 75:25 acetone:water (v/v) (0.0110 g, 41%). 'H
NMR (5:4 D20:d-acetone (v/v)): 6 = 9.44 (d, 1H), 8.82 (s, 2H), 8.61 (m, 2H), 8.59 (s, 1H), 8.30
(s, 1H), 8.02 (m, 2H), 7.94 (d, 1H), 7.89 (d, 2H), 7.82 (d, 1H), 7.77 (d, 1H), 7.69 (d, 1H), 7.62 (d,
1H), 7.42 (m, 2H), 7.32 (d, IH), 6.90 (d, IH), 3.02 (s, 3H), 2.77 (s, 3H), 2.31 (s, 3H), 1.75 (s,
6H), 1.40 (s, 9H), 1.29 (s, 9H).
2.4.2.10. [Ru(10)(4,4'-dimethyl-bpy)Cl]CI
Ru(10)C 3 (0.0269 g, 0.033 mmol, 1.0 equiv), 4,4'-dimethyl-bpy (0.0234 g, 0.13 mmol,
3.9 equiv), LiCI (0.0564 g, 1.33 mmol, 40 equiv), and NEt3 (50 pL, 0.36 mmol, 10 equiv) were
combined with 40 mL 75:25 ethanol:water (v/v) and refluxed for 4 hrs. The desired purple
product was purified by over alumina using 90:10 dichloromethane:methanol (v/v) (0.0220 g,
70%). 'H NMR (CDCI3): 6 = 10.23 (d, 1H), 8.60 (s, 2H), 8.46 (d, 2H), 8.18 (s, 1H), 7.86 (s,
1H), 7.76 (m, 3H), 7.64 (m, 3H), 7.58 (d, 1H), 7.53 (d, 1H), 7.40 (s, 1H), 7.38 (d, 1H), 7.31 (s,
1H), 7.14 (m, 2H), 2.79 (s, 3H), 2.36 (s, 3H), 1.76 (s, 6H), 1.44 (s, 9H), 1.31 (s, 9H). MALDI-
TOF calcd. (found): [M - PF6]+ 918.27 (918.37).
2.4.2.11. [Ru(10)(4,4'-dimethyl-bpy)(H 20)](PF 6)2 (13)
[Ru(10)(4,4'-dimethyl-bpy)Cl]C1 (0.0094 g, 0.0099 mmol, 1.0 equiv) and AgPF 6 (-0.3 g,
1.19 mmol, -120 equiv) were combined with 40 mL 75:25 acetone:water (v/v/) (0.0101 g, 86%).
'H NMR (CDCl3): 6 = 9.61 (d, 1H), 8.92 (s, 2H), 8.75 (m, 3H), 8.46 (s, 1H), 8.13 (m, 2H), 8.06
(d, 1H), 7.92 (d, 2H), 7.84 (s, 1H), 7.81 (s, 1H), 7.61 (s, 1H), 7.51 (m, 3H), 7.42 (d, 1H), 7.00 (d,
1H), 2.90 (s, 3H), 2.45 (s, 3H), 1.84 (s, 6H), 1.53 (s, 9H), 1.39 (s, 9H).
2.4.2.12. [Ru(11)(4,4'-dimethyl-bpy)(H 20)](PF6)2 (14)
[Ru(11)(4,4'-dimethyl-bpy)Cl]Cl (0.0217 g, 0.024 mmol, 1.0 equiv) and AgPF 6 (-0.63 g,
2.49 mmol, -100 equiv) were combined with 40 mL 75:25 acetone:water (v/v/) (0.0176 g, 64%).
1H NMR (1:1 D20:d-acetone (v/v)): 6 = 9.49 (d, 1H), 8.92 (s, 2H), 8.69 (d, 3H), 8.37 (s, 1H),
8.08 (m, 2H), 7.99 (d, 1H), 7.94 (d, 2H), 7.80 (s, 1H), 7.75 (s, 1H), 7.62 (s, 1H), 7.48 (m, 2H),
7.29 (m, 2H), 6.92 (m, 2H), 2.81 (s, 3H), 2.36 (s, 3H), 1.76 (s, 6H), 1.43 (s, 9H), 1.31 (s, 9H).
2.4.2.13. [Ru(9)(5)(H 20)(PF6)6 (15)
Ru(9)CI 3 (0.0480 g, 0.059 mmol, 1.0 equiv), 5 (0.0416 g, 0.038 mmol, 0.64 equiv), LiCI
(0.0957 g, 2.26 mmol, 38 equiv), and NEt 3 (20 pL, 0.14 mmol, 2.4 equiv) were combined with
40 mL 75:25 ethanol:water (v/v) and refluxed for 4 hrs. A large excess of NH4PF6 was added to
the cooled mixture and stirred for 2 hrs. The purple precipitate was collected over a frit, washed
with water and ether, and purified by recrystallization in boiling methanol several times. The
chloride complex was combined with AgPF6 (-0.5 g, -1.98 mmol, -34 equiv) in 40 mL 75:25
acetone:water (v/v) and heated to 120 'C overnight. The mixture was cooled, filtered over
Celite, and the acetone was removed by rotary evaporation. The precipitated product was
collected over a frit, washed with cold water and ether, and dried under vacuum (0.0215 g, 17%).
'H NMR (7:2 D20:d-acetone (v/v)): 6 = 9.64 (d, 1H), 9.39 (d, 2H), 9.04 (d, 2H), 8.97 (m, 4H),
8.83 (s, 1H), 8.69 (s, 2H), 8.66 (d, 2H), 8.51 (m, 3H), 8.47 (d, 2H), 8.42 (d, 2H), 8.35 (d, 2H),
8.10 (m, 1H), 7.92 (m, 2H), 7.75 (s, 1H), 7.70 (m, 3H), 7.60 (s, 2H), 7.54 (s, 1H), 7.27 (m, 2H),
7.04 (m, 1H), 6.33 (s, 2H), 5.89 (s, 2H), 4.44 (s, 3H), 4.39 (s, 3H), 2.88 (s, 3H), 1.65 (s, 6H),
1.31 (s, 9H), 1.20 (s, 9H).
2.4.2.14. [Ru(1 1)(5)(H 2 0)](PF6 )6 (16)
Ru(11)C13 (0.0572 g, 0.075 mmol, 1.0 equiv), 5 (0.0508 g, 0.046 mmol, 0.61 equiv), LiCl
(0.1273 g, 3.00 mmol, 40 equiv), and NEt 3 (25 jiL, 0.18 mmol, 2.4 equiv) were combined with
40 mL 75:25 ethanol:water (v/v). The recrystallized purple precipitate was combined with
AgPF 6 (-0.5 g, -1.98 mmol, -26 equiv) in 40 mL 75:25 acetone:water (v/v) (0.0921 g, 59%).
1H NMR (5:2 D20:d-acetone (v/v)): 6 = 9.61 (d, 1H), 9.36 (d, 2H), 9.01 (d, 3H), 8.93 (m, 3H),
8.80 (s, IH), 8.69 (s, 2H), 8.63 (d, 2H), 8.47 (m, 5H), 8.38 (d, 2H), 8.31 (d, 2H), 8.06 (d, 1H),
7.90 (m, 2H), 7.68 (s, 1H), 7.65 (d, 2H), 7.58 (s, 1H), 7.49 (m, 2H), 7.25 (m, 2H), 7.16 (d, 1H),
6.89 (d, 1H), 6.80 (d, 1H), 6.30 (s, 2H), 5.87 (s, 2H), 4.41 (s, 3H), 4.36 (s, 3H), 1.61 (s, 6H), 1.28
(s, 9H), 1.17 (s, 9H).
2.4.2.15. [Ru(9)(19)(H 20)j(PF6)6 (17)
Ru(9)CI 3 (0.0354 g, 0.043 mmol, 1.0 equiv), 19 (0.0449 g, 0.036 mmol, 0.83 equiv), LiCl
(0.0697 g, 1.64 mmol, 38 equiv), and NEt 3 (20 jiL, 0.14 mmol, 3.3 equiv) were combined with
40 mL 75:25 ethanol:water (v/v). The recrystallized purple precipitate was combined with
AgPF 6 (-0.5 g, -1.98 mmol, -46 equiv) in 40 mL 75:25 acetone:water (v/v) (0.0231 g, 24%).
1H NMR (5:4 D20:d-acetone (v/v)): 6 = 9.77 (d, 1H), 9.41 (d, 2H), 9.28 (d, 2H), 9.25 (s, 1H),
9.15 (d, 2H), 9.11 (d, 1H), 8.92 (m, 3H), 8.75 (d, 2H), 8.68 (d, 2H), 8.66 (s, 3H), 8.58 (d, 1H),
8.48 (d, 1H), 8.29 (d, 2H), 8.08 (m, 3H), 8.00 (m, 2H), 7.92 (d, 2H), 7.85 (m, 3H), 7.82 (s, 1H),
7.75 (s, 2H), 7.70 (m, 3H), 7.64 (s, 1H), 7.43 (m, 4H), 6.17 (s, 2H), 6.02 (s, 2H), 4.56 (s, 3H),
4.52 (s, 3H), 3.06 (s, 3H), 1.78 (s, 6H), 1.43 (s, 9H), 1.31 (s, 9H).
2.4.2.16. [Ru( 1)(19)(H 20)j(PF6 )6 (18)
Ru(11)C13 (0.0581 g, 0.076 mmol, 1.0 equiv), 19 (0.0562 g, 0.045 mmol, 0.59 equiv),
LiC (0.1435 g, 3.38 mmol, 45 equiv), and NEt3 (25 pL, 0.18 mmol, 2.4 equiv) were combined
with 40 mL 75:25 ethanol:water (v/v). The recrystallized purple precipitate was combined with
AgPF 6 (-0.5 g, -1.98 mmol, -26 equiv) in 40 mL 75:25 acetone:water (v/v) (0.0282 g, 17%).
'H NMR (5:2 D20:d-acetone (v/v)): 6 = 9.63 (d, 1H), 9.25 (d, 2H), 9.11 (d, 2H), 9.04 (s, 1H),
9.01 (d, 2H), 8.96 (d, 2H), 8.77 (s, 2H), 8.72 (s, 1H), 8.58 (d, 2H), 8.53 (d, 2H), 8.48 (d, 4H),
8.41 (d, 2H), 8.32 (d, 1H), 8.15 (d, 2H), 7.95 (m, 2H), 7.84 (d, 2H), 7.76 (d, 2H), 7.71 (m, 3H),
7.64 (s, 1H), 7.58 (s, 1H), 7.54 (m, 3H), 7.48 (d, 1H), 7.32 (m, 2H), 7.25 (d, 1H), 7.18 (d, 1H),
6.82 (d, 1H), 6.03 (s, 2H), 5.88 (s, 2H), 4.42 (s, 3H), 4.39 (s, 3H), 1.64 (s, 6H), 1.32 (s, 9H), 1.19
(s, 9H).
2.4.2.17. [Ru(tpy)(4,4'-ditolyl-bpy)Cl](PF 6)
Ru(tpy)C13 (0.1205 g, 0.27 mmol, 1.0 equiv), 4,4'-ditolyl-bpy (0.0756 g, 0.22 mmol, 0.81
equiv), LiCI (0.3331 g, 7.86 mmol, 29 equiv), and NEt3 (50 pL, 0.36 mmol, 1.3 equiv) were
combined with 40 mL 75:25 ethanol:water (v/v) and refluxed for 4 hrs. A large excess of
NH4PF6 was added to the cooled mixture and stirred for 2 hrs. The desired purple product was
purified by over alumina using 90:10 chloroform:methanol (v/v) (0.1130 g, 49%). 'H NMR (d-
acetone): 6 = 10.35 (d, 1H), 9.38 (s, 1H), 9.09 (s, 1H), 8.79 (d, 2H), 8.67 (d, 2H), 8.41 (d, 1H),
8.26 (m, 1H), 8.12 (d, 2H), 8.02 (m, 2H), 8.00 (d, 2H), 7.70 (d, 2H), 7.59 (d, 1H), 7.54 (d, 2H),
7.44 (m, 2H), 7.39 (m, 1H), 7.30 (d, 2H), 2.51 (s, 3H), 2.36 (s, 3H).
2.4.2.18. [Ru(tpy)(4,4'-ditolyl-bpy)(H 20)](PF6)2 (20)
[Ru(tpy)(4,4'-ditolyl-bpy)Cl](PF 6) (0.0113 g, 0.013 mmol, 1.0 equiv) and AgPF6 (0.4765
g, 1.88 mmol, 145 equiv) were combined with 40 mL 75:25 acetone:water (v/v/) (0.0084 g,
65%). 'H NMR (5:2 D20:d-acetone): 6 = 9.50 (d, 1H), 8.99 (s, 1H), 8.66 (s, 1H), 8.55 (d, 2H),
8.41 (d, 2H), 8.25 (d, 1H), 8.15 (m, 1H), 7.90 (m, 4H), 7.80 (d, 2H), 7.48 (d, 2H), 7.41 (d, 2H),
7.28 (m, 3H), 7.18 (m, 3H), 2.35 (s, 3H), 2.20 (s, 3H).
Chapter 3. Photoinduced Proton-Coupled Electron Transfer in Hydrogen-Bonded
Rhenium Tyrosine Polypyridyl Complex to Base
3.1. Introduction
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Figure 3.1. Structures of model systems for tyrosine radical generation.
There has been much controversy regarding the mechanism of tyrosine radical generation in
model systems using metal-centered photo-oxidants. 49-51 These model systems consist of
tyrosine appended to either Ru"(bpy) 3 (RuY),52 RuI(bpy-4,4'-COOEt) 2(bpy) (RuesterY), 53 or
Re'(phen)(CO) 3(PPh3) (Re(P-Y))lo as shown in Figure 3.1. For RuY and RuesterY, a flash-
quench method using MV2+ affords a Ru(III) intermediate, which allows sufficient time for
intramolecular oxidation of the appended tyrosine. For Re(P-Y), direct excitation of the metal
center affords a long-lived MLCT state, which obviates the need for a bimolecular quencher.
For RuY, a clear pH dependence for tyrosine oxidation at low buffer concentrations
(independent of the nature of the buffer) and a significant kinetic isotope effect points to a
genuine CEP reaction with proton transfer to the bulk. 54 For RuesterY, which generates a Ru(III)
state of intermediate oxidant strength (vs. the Ru(III) state of RuY and the MLCT excited state
of Re(P-Y)), a switch in mechanism is observed from a stepwise ET/PT at low pH to a CEP
with proton transfer to the bulk at high pH.
For Re(P-Y), in contrast, the lack of any pH dependence on the rate constant for tyrosine
oxidation in the absence of buffer and a significant kinetic isotope suggests a CEP reaction with
proton transfer to the base form of the buffer. The pH dependence for the observed rate constant
for tyrosine oxidation is purely due to the H2PO 4-/HPO 42- titration behavior. Recent theoretical
work based on multistate continuum theory also suggests that for the Re(P-Y) model system
tyrosine oxidation occurs by CEP with HPO42- as the proton acceptor due to its shorter (-0.2 A)
D-A distance compared to that of water. 55 A quick study using pyridine and imidazole buffers
further supports a buffer-assisted CEP mechanism for this model system. 54
OC CO 1+ OC CO 1+
, - O -0----N hv --- O H 1+
OC--Re-N -/ -H---- OC-Re-N /- / NO--H
kC pCET fOCH, OCH3
-N N- 3  N N-O O
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Scheme 3.1. Proposed PCET mechanism in the rhenium-tyrosine model system synthesized in
this study.
This chapter will describe the suitability of using a novel tyrosine-appended model
system to provide further provide insight into nature of the PCET mechanism for tyrosine
oxidation in Re(P-Y). Systematic variation of the buffer pKa should also allow for modification
in the overall driving force for the PCET reaction, which should be manifest in the rate constant
for tyrosine oxidation. The experiments in this work have been done in an aprotic solvent
(dichloromethane) in order to provide a non-interfering environment for the hydrogen-bonded
species preorganized for CEP (Scheme 3.1).
3.2. Synthesis of the Re-Y Systems and Measurement of Equilibrium Constants
- OH - NH /-\
Na O\ H aN ONH OCH 3  X =-CH3
OH
3 4
CO
Nco /I \cob , CC O O
Fc Y= -CH3
CH3 O OH
HN
O1 5
OCH 3
Scheme 3.2. (a) 1.0 equiv L-tyrosine methyl ester, 1.1 equiv HOBt, 1.1 equiv WSC*HCI, -4
equiv NMM, 24 hr RT with stirring, dichloromethane, (b) 1.5 equiv 3 or 4, acetone, 24 hr reflux.
The synthesis of 1 was accomplished by appending tyrosine methyl ester to isonicotinic
acid under standard peptide coupling conditions to produce 3 (Scheme 3.2). An excess of the
derivatized ligand was subsequently coupled to [Re(CO)3(phen)(CN 3CN)](PF 6)10 to produce 1.
The control complex 5 was synthesized by appending alanine methyl ester to the pyridine ligand
in an analogous procedure. No substitution of ligands 3 and 4 were found to occur at room
temperature by 1H NMR in deuterated pyridine over a period of 72 hrs.
,OH -PF6
-OCH3
OC,,,
Initial attempts at using 2 as a model system for tyrosine oxidation in dichloromethane
failed. This was evidenced by the lack of any changes in the steady-state emission profile of 2
even with the addition of base such as pyridine and imidazole. This suggested either 1) a
complete dominance of pure ET (which would result in an uninteresting model system for this
study), 2) a negligible amount of the hydrogen-bonded species to allow PCET to be detected,
and/or 3) insufficient time for PCET to occur during the lifetime of the MLCT excited state of
Re'(CO) 3(bpy)(CN) (Tem = 59 nslo).
The overall driving force for the PCET reaction is given by the following equation,
AGoPCET = AGoET + AGPTO = [-qe(Eo(Re */o) - Eo(YOH +/YOH))] + [-0.059 eV * ApKa],
where qe is the charge of the electron, E'(ReI*/O) is the reduction potential of the photoactive state
of the rhenium complex, Eo(YOH+/YOH) is the pH-independent oxidation potential of the
tyrosine donor, and ApKa is the pKa difference between the protonated base and the tyrosine
radical (pKa = -256). Using the experimental EO(Rel*/O) = 1.59 V'o and Eo(YOH +/YOH) = 1.02
V (in dichloromethane), the AGET = -0.57 eV for 2. Assuming ApKa of the reaction is positive,
AGPCET of the base-assisted PCET reaction should be thermodyanamically accessible for a wide
range of proton acceptors.
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Figure 3.2. Emission quenching spectra of 1 as a function of pyridine (a) or imidazole (b)
concentration. Inset: IKq titration curve fits to integrated emission intensities.
Based on previous work by Reece1o and Linschitz, 8' 9 the lack of detectable emission
quenching of 2 upon addition of base is most likely due to insufficient lifetime of the excited
state. Previous work has shown the inability of 2 to undergo intramolecular tyrosine oxidation in
water at pH < 10 due to the relatively small value of kPCET compared to excited state decay. 10
Replacement of the bpy with a more rigid ligand 1,10-phenanthroline (phen) to yield 1 afforded a
complex with a comparable driving force for ET (Eo(Rel*/O) = 1.51 V57'58) but with an extended
lifetime of the MLCT state of 3.0 gs. As a result, 1 displayed a series of intense emission
quenching upon addition of base (Fig. 3.2). This could be used to calculate the equilibrium
constant of the following interaction by a method done previously, 59
Oc CO 1+ OC CO 1+
OC-Re'-N H- N H OC-Re'-N OH H+ 0- -H---N
-N N OCH 3  N N OCH3
o o
where the dotted line indicates a hydrogen-bonding interaction. The bases that were used in this
study were pyridine, imidazole, and 2,4,6-trimethylpyridine (TMP) with aqueous pKa values of
5.21, 6.99, and 7.43, respectively.18 Complete deprotonation of the tyrosine by the base in the
ground state was not expected to occur due to the lack of low energy absorptions (> 300 nm)
typical of phenoxides 60 of the tyrosine (methyl ester) in the presence of excess base. The
calculated equilibrium constants using pyridine, imidazole, and TMP were 23, 156, and 207 M- 1,
respectively, which correlated with the strength of the base based on aqueous pKas.
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Figure 3.3. Proposed future rhenium-tyrosine model systems.
Armed with the ability to measure equilibrium constants by steady-state emission, future
work should involve measurements of the first-order rate constant (kPCET) of the CEP reaction of
tyrosine oxidation as a function of base pKa by nanosecond transient absorption/emission
spectroscopy. There are only limited data on the AG'PCET dependence of CEP where much
insight can be gained on the nature of PCET. For example, recent work using a trimolecular
system using a variety of metal oxidants and buffers with a wide range of pKas showed the
importance of the overlap of higher level proton vibronic levels in the prediction of kPCET. 6 1
Fortunately, due to the modular nature of this model system, precise tuning of both AGET and
AGpT can be achieved as the redox potentials for ET can be easily modified (by over 0.2 V in
aqueous solutions at pH = 7)62 through the use of fluorotyrosines as done in previous work63
(Figure 3.3).
3.3. Experimental
3.3.1. Physical measurements
Steady-state emission spectra were recorded on an automated Photon Technology
International (PTI) QM 4 fluorimeter equipped with a 150 W Xe arc lamp and a Hamamatsu
R928 photomultiplier tube. 1H NMR spectra were recorded at the MIT Department of Chemistry
Instrumentation Facility (DCIF) on a Varian Inova 500 spectrometer recorded at 25 'C.
Elemental analysis was performed by Midwest Microlab, LLC. All photophysical experiments
were done at room temperature in dichloromethane.
3.3.2. Synthesis
1 -hydroxybenzotriazole (HOBt) (NovaBiochem), isonicotinic acid, 1-(3-
(dimethylamino)propyl)-3-ethylcarbodiimide hydrochloride (WSC-HCI), N-methylmorpholine
(NMM), 1,10-phenanthroline (phen), L-tyrosine methyl ester, and L-alanine methyl ester
hydrochloride (Aldrich) were used as received. Silica gel 60 (70-230 and 230-400 mesh, Merck)
were used for column chromatography. Analytical thin-layer chromatography was performed on
JT Baker IB-F silica gel (precoated sheets, 0.2 mm thick). Solvents for synthesis were reagent-
grade or better. [Re(CO)3(phen)(CH 3CN)](PF 6)10 were synthesized as previously described. All
other reagents were obtained from Aldrich. The synthesis of 4 and 5 was analogous to the
synthesis of 3 and 1, respectively.
3.3.2.1. 4-Tyrosine methyl ester pyridine (3)
In a 250 mL round-bottom flask, isonicotinic acid (0.8357 g, 6.79 mmol, 1.0 equiv), L-
tyrosine methyl ester (1.3608, 6.97 mmol, 1.0 equiv), HOBt (0.9943 g, 7.36 mmol, 1.1 equiv),
WSC-HCI (1.4382 g, 7.50 mmol, 1.1 equiv), and NMM (-4 equiv) were combined with 250 mL
of dichloromethane. The mixture was stirred at room temperature for 3 days, after which it was
washed with 100 mL of an aqueous solution of 1% citric acid (w/v), 100 mL of an aqueous
solution of 1% sodium bicarbonate (w/v), and water (4 x 100 mL). The organic layer was dried
with MgSO 4, and the desired product purified over silica gel using ethyl acetate (0.5937 g, 29%).
1H NMR (CD 2C12): 6 = 9.14 (d, 1H), 8.68 (d, 2H), 7.65 (d, 2H), 7.04 (d, 2H), 6.62 (d, 2H), 4.56
(m, 1H), 3.54 (s, 3H), 3.14 (d, 2H).
3.3.2.2. 4-Alanine methyl ester pyridine (4)
Isonicotinic acid (0.9038 g, 7.34 mmol, 1.0 equiv), alanine methyl ester (1.0271 g, 8.34
mmol, 1.1 equiv), HOBt (1.1171 g, 8.27 mmol, 1.1 equiv), WSC*HCI (1.5689 g, 8.18 mmol, 1.1
equiv), and NMM (-4 equiv) were combined with 200 mL dichloromethane with 10% DMF
(v/v) (0.8003 g, 52%). 1H NMR (CD 2C12): 8 = 8.69 (d, 2H), 7.94 (s, 1H), 7.66 (d, 2H), 4.72 (m,
1H), 3.75 (s, 3H), 1.49 (d, 3H).
3.3.2.3. [Re(CO) 3(phen)(3)j(PF 6) (1)
In a 250 mL round-bottom flask, [Re(CO) 3(phen)(CH 3CN)](PF 6) (0.2572 g, 0.40 mmol,
1.0 equiv) and 3 (0.1569 g, 0.52 mmol, 1.3 equiv) were combined in 20 mL acetone and refluxed
overnight. The product precipitated out upon addition of ether, after which it was collected over
a frit and washed with ether. 'H NMR (CD 2C12): 6 = 9.58 (d, 2H), 8.79 (d, 2H), 8.33 (d, 2H),
8.15 (m, 4H), 7.42 (d, 2H), 6.87 (d, 2H), 6.65 (d, 2H), 4.77 (m, 1H), 3.70 (s, 3H), 3.03 (d, 2H).
Anal. Calcd. for C31H27F6N4 0 7PRe: C, 41.43; H, 3.03; N, 6.23. Found: C, 41.36; H, 2.80; N,
6.17.
3.3.2.4. [Re(CO) 3(phen)(4)j(PF 6) (5)
Re(CO) 3(phen)(CH 3CN)](PF 6) (0.1056 g, 0.16 mmol, 1.0 equiv) and 4 (0.0416 g, 0.20
mmol, 1.2 equiv) were combined in 20 mL acetone (0.0482 g, 37%). 'H NMR (CD 2C12): 6 =
9.58 (d, 2H), 8.81 (d, 2H), 8.31 (d, 2H), 8.16 (m, 4H), 7.58 (d, 1H), 6.92 (d, 1H), 4.51 (m, 1H),
3.68 (s, 3H), 1.40 (d, 3H). Anal. Calcd. for C25H23F6N 40 6PRe: C, 37.22; H, 2.87; N, 6.95.
Found: C, 37.74; H, 2.87; N, 6.42.
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